Chickens were immunized with eight different serotypes of avian paramyxovirus (PMV). Ninety percent of splenic IgG antibody-forming cells (AFC) were serotypespecific with respect to the glycoprotein and nucleoprotein-polymerase antigens in an indirect immunoperoxidase binding system. The IgG AFCs which cross-reacted between serotypes divided the serotypes into two mutually exclusive super serogroups composed of PMV-1, -3, -4, -7 and -9, and PMV-2, -6 and -8. PMV-5 was not tested.
INTRODUCTION
Avian paramyxoviruses (PMV) are serotyped by haemagglutination inhibition (HI) tests using chicken antisera although numerous weak interserotypic relationships occur (Alexander, 1986; Lipkind & Shihmanter, 1986) . Murine splenic IgG antibody-forming cells (AFC) give results which are unexpectedly serotype-specific (99 ~) . The extent to which chicken splenic AFCs (Russell et al., 1987) can detect the cross-reactions seen by HI testing was investigated in this report. First the virus specificity and kinetics of chicken IgG, IgM and IgA AFC were determined. Only the IgG response was sufficiently high and virusspecific to be used in an orthogonal study of the cross-reactions between the eight available PMV serotypes.
The AFC assay distinguishes between AFCs which secrete antibody against the virus glycoproteins or to the nucleoprotein-polymerase (NP-P) complex according to whether the antibody stains the cell surface or the inclusion body-like particles in fixed virus-infected bovine kidney cells by the indirect immunoperoxidase binding system (Russell et al., 1987) . Avian antibodies to NP-P have not been used in serotyping and therefore the question of whether both populations of AFC gave similar results was of interest.
METHODS
Birds. Experimental birds and eggs were from our flocks of non-vaccinated birds. The Reaseheath C and Birmingham B2 flocks were progeny of stock donated by the AFRC Houghton Laboratory and the White Leghorn flock were from a commercial source (Orchard Farms). Eighty chickens were killed as young adults when they each weighed 1.6 ___ 0.5 kg, yielding 1-37 (+0.05) x 109 splenocytes per bird.
Viruses. Seed stocks of avian PMV serotypes were donated from the International Reference Laboratory of Newcastle disease virus (NDV) at the Central Veterinary Laboratory, Weybridge, U.K. by Dr D. J. Alexander. The following serotypes were used: PMV-1/chicken/Ireland/Ulster-2C/66 (Ulster), PMV-1/chicken/U.S.A./ LaSota/52 (LaSota), PMV-l/chicken/U.S.A./B1/48 (B1), PMV-2/chicken/California/Yucaipa/56 (Yucaipa), PMV-2/weaver/Senegal/Ploc-9/79 (Ploc-9), PMV-3/turkey/England/Midland Poultry Holdings/81 (MPH), PMV-3/parakeet/Netherlands/449/75 (449), PMV-4/duck/Hong Kong/D3/75, PMV-6/duck/Hong Kong/199/77, PMV-7/dove/Tennessee/4/75, PMV-8/goose/Delaware/1053/76 and PMV-9/domestic duck/New York/22/78. PMV-1 (Ulster) and PMV-3 (MPH) were also plaque-cloned three times in this laboratory. The viruses were passaged one or two times in Birmingham B2 eggs to provide infected allantoic fluid with a titre of > 1000 haemagglutinating units.
Before being inoculated into chickens each virus was suspended in 0.05 M-Tris-HCI pH 7.5 and then inactivated with fl-propiolactone (fl-PL) donated by Dr I. Furminger (Glaxo). fl-PL was used at 0"05~0 for 1 h at 37 °C when the 0000-8923 © 1989 SGM P.H. RUSSELL process was repeated in a new vessel and then continued overnight at 4 °C. The virus was non-infectious as assessed by the failure of allantoic fluid to haemagglutinate 0.5~ chicken red blood cells after 0.2 ml had been sequentially passaged three times through eggs.
AFC assay. The assay was performed as first published (Russell et al., 1987) with these modifications: the blocking method included bovine serum albumin instead of calf serum ; Tween 20 (0.03 %) in phosphate-buffered saline pH 7.2 was used as a wash instead of tap water; monoclonal antibody (MAb) CVI-59-1 which was donated by Dr G. Koch of Lelystad, The Netherlands, replaced the less available HISC 12(2) MAb for IgM detection. The MAbs bind only to IgM, IgG or IgA by ELISA (G. Koch, personal communication) .
Kinetics of the AFC response to PMV-1 (Ulster). Thirty-two Birmingham B2 chickens aged 11 to 13 weeks received 1 ml of inactivated PMV-1 (Ulster) by intravenous inoculation (Russell et at., 1987) . Half of the chickens had been primed in the same manner 3 weeks earlier. Two chickens from each group were killed on day 0, days 1 to 7 and day 11 or 14. Splenocytes were assayed for AFC on infected or uninfected cells. Results were expressed as AFC/107 ceils and separated into AFC binding to inclusion body-like particles or to the cell surface (Russell et al., 1987) .
Serotype specificity of the AFC response. Each virus was injected three times into three or four Reaseheath C or White Leghorn birds at intervals of 3 weeks and birds were killed 4 days later. One ml of virus was inoculated intravenously except for the second inoculum which was intramuscular. The response to each virus was expressed as log10 AFC/107 cells and P values were calculated by using Student's t-test.
RESULTS

Kinetics of the AFC responses to PMV-1 (Ulster)
The primary and secondary IgM responses reached about 104 AFC/107 splenocytes at 3 days post-inoculation (p.i.) whether measured on infected or uninfected bovine kidney cells (Fig. 1) . Preimmune birds contained about 102 IgM AFCs (Fig. 1) . The IgM AFCs to inclusion body-like antigens showed no virus specificity despite reaching 103"6. The IgM AFCs to cell surface antigens were three-to fivefold higher on infected compared to uninfected cells during the primary response and 10-fold higher during the secondary response ( Fig. 1) . IgM was not investigated further in the serotype specificity experiments because of this non-specific binding.
The IgA AFC responses showed parallel kinetics to the IgM response but were 100-fold lower and were virus-specific ( Fig. 1 ). They were too low for serotype specificity experiments.
The IgG responses were virus-specific as none were detected on uninfected cells and because preimmune birds were negative. The primary responses peaked at 7 to 10 days and the secondary responses at 3 days (Fig. 1) . The IgG AFC response to cell Surface antigen was anamnestic and increased from a primary peak of 102.6 to a secondary peak of 104.2 whereas the response to inclusion body-like antigens reached a higher value of 103s during the primary response and a similar value of 104.o during the secondary response ( Fig. 1) . Three inoculations were used in the serotype specificity experiments because the immunogenicity of most of the inactivated PMV serotypes had not been tested.
Specificity of the IgG AFC response to cell surface antigens
Chickens produced 103 to 104.5 AFCs to each virus and serotype specificity exceeded 90~ (Table 1) . Control birds made no response.
Within the PMV-1 group the responses were the same to each isolate (Ulster, B1 and LaSota). For the PMV-2 group, the Ploc-9-immune birds responded with 12-fold fewer AFC on Yucaipa than on Ploc-9 whereas the Yucaipa-immune birds made the same response to both isolates. An asymmetric cross-reactivity also occurred with PMV-3 isolates; MPH-immune birds made 44-fold fewer AFCs to 449 than to MPH but this did not occur vice versa.
Cross-reactions between serotypes were considered specific with a titre of > 10 o.7 because PMV-1 (B1)-immune birds had a value of 10 o.7 on uninfected cells as compared to 104.5 on PMV-1 (B1)-infected cells (Table 1) . There were 36 cross-reactive values of > 10 °'7 which were also at least 0-1 °/o of the homologous response. Thirty-four of these cross-reactions occurred within two mutually exclusive groups. One group comprised PMV-1, -3, -4, -7 and -9 which were linked by 26 cross-reactions. The second group comprised PMV-2, -6 and -8 which were linked by eight cross-reactions. In the larger group cross-reactions were not observed in 17 comparisons and 11 of these involved PMV-7 indicating that PMV-7 was a fringe member. In the smaller group two cross-reactions were not observed, involving PMV-6-immune birds (Table 1) .
Two cross-reactions were observed between the two groups and again involved PMV-6-immune birds whose AFCs produced antibody that bound to PMV-3 (MPH) and PMV-9. PMV-6 was the only virus to show cross-reactions between groups.
Specificity of the IgG AFC response to inclusion body-like antigens
AFC responses to inclusion body-like antigens were in the range of 102 to 103 for PMV-1, -3 (449), -4, -6 and -8 (Table 2) . Responses between PMV-1 isolates were not significantly different. There were nine cross-reactions of > I0 °'7 which were within 10 -3 of the homologous response and eight of these fell into the two proposed groups. Again, PMV-6-immune birds provided the exceptional inter-group cross-reactivity by binding PMV-1 (LaSota). 
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No results were obtained on cells infected with PMV-2 isolates, PMV-3 (MPH), -7 or -9. However birds immunized with these viruses made seven cross-reactions of > 10 0.7 to other serotypes. Six of these were within the two proposed groups. The exceptional cross-reaction involved PMV-7-immune birds on the PMV-6 antigen.
DISCUSSION
The kinetics of the chicken AFC responses to inactivated PMV wcrc similar to that of the mouse to infectious PMV in three respects. Firstly, the IgG and IgM responses both reached 103.5 to 104.5 AFC/107 cells; secondly, the IgG and not the IgM response was obviously virus-specific; thirdly, the IgG responses to the cell surface antigens were boosted 30-to 35-fold by priming, whereas those to inclusion body-like antigens wcrc not as primingdependent. The nature of the non-specific binding by avian IgM was not investigated but differed from murinc IgM with respect to the non-specific binding being confined to ncuraminidasc-trcated cells (Russell & Ozdcmir, 1989) .
The avian and murinc IgG AFC responses wcrc both scrotype-spccific. They also showed differences between the two PMV-2 or PMV-3 isolates from different species but not between the three vaccinal PMV-I isolates from chickens. Murinc IgG AFC responses to different scrotypcs occurred at less than I ~o whereas avian IgG AFC occurred at up to 10~. This was not related to the chickens receiving a third inoculation or inactivated virus because cross-reactive AFC responses to the cell surface antigens of PMV-3 (MPH) and PMV-9 also occurred at I to 10~ of the homologous response to PMV-I in the present kinetics experiments and in earlier experiments with live virus (P. H. Russell, unpublished results) . Therefore it appears that a weaker IgG response against cross-reactive PMV epitopcs is made by mice, in comparison to chickens.
Avian IgG AFCs confirmed the cross-reactions detected in mice by cross-priming between PMV-I and PMV-3 and between PMV-I and PMV-9 and also the murinc IgM cross-rcactivitics between PMV-I and PMV-7 and between PMV-2 and PMV-8 (Russell & Ozdcmir, 1989) .
Most avian IgG AFC binding to the surface of PMV-infcctcd cells involve the hacmagglutinin-ncuraminidasc (HN) because MAbs to each of the four antigenic sites on the HN of PMV-3 (MPH) (Anderson & Russell, 1988 ) block 25 to 40~ of AFCs when used separately and 95 ~o of AFCs when combined (Anderson, 1988 ). This implies that low level AFC cross-reactions also involve the HN molecule although direct evidence is lacking.
In a study of cross-reactivity between HN antigens of the same PMV isolates by HI and ncuraminidasc inhibition serology, Lipkind & Shihmantcr (1986) proposed two super scrogroupings; PMV-2 and -6 wcrc in one group and PMV-I, -3, -4, -7, -8 and -9 in the other group. By contrast our results included PMV-8 with PMV-2 and PMV-6. Lipkind & Shihmantcr (1986) used replicate tests on single serum samples to each virus. The present work used three or four chickens to provide replicate values and therefore our conclusions may be more reliable. Lipkind & Shihmantcr (1986) also detected further cross-rcactivitics which involved every single scrotypc except PMV-4 and PMV-8 which supports our separation of these two viruses.
Each scrotype of PMV has a characteristic polypeptidc profile demonstrated by PAGE . In addition, under non-reducing conditions the HN of PMV scrotypcs 2, 6, 7, 8 and some PMV-I isolates migrate marginally faster than after reduction whereas those of PMV scrotypes 3, 4, 9 and other PMV-I isolates migrate much more slowly possibly occurring as a dimcr Alexander et aL, , 1983 . This separation of PMV-2, -6, -7 and -8 from PMV-3, -4 and -9 is similar to our separation in which PMV-7 was the fringe member of the PMV-I, -3, -4, -7 and -9 super scrogroup.
The NP-P complex has not bccn used to serotypc PMV. Our results showed the immunodominant antigens on NP-P of PMV-I, -3, -4, -6 and -8 to bc scrotype-spccific as they are for HN. When cross-reactions wcrc detected they also occurred within the super scrogroupings of PMV-2, -6 and -8 versus PMV-I, -3, -4, -7 and -9.
In the present study only one isolate each of PMV-4, -6, -7, -8 and -9 was used. The results could therefore be extended by studying more isolates. This applies particularly to PMV-6 which cross-reacted between the super serogroups, to PMV-7 which was on the fringe of the larger group and to PMV-8 which had switched groups in comparison to the results of Lipkind & Shihmanter (1986) . However two or three antigenically diverse isolates within the PMV-1, -2 or -3 groups were classified into the same super serogroups suggesting that the use of only one isolate from each serotype gave valid results.
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